To gain insight into the molecular basis of cardiac repolarization, we In the mammalian cardiovascular system, K' channels display a variety of phenotypes including both transient and delayed outward currents.1,2 Rat and human cardiac myocytes exhibit a prominent transient outward current (ITo), which causes a rapid early repolarization of the action potential (phase 1) and can, in part, determine the membrane potential of the action potential plateau.3-9 This, in turn, can modify other ionic currents and has profound effects on action potential duration.7'9-11 Both rat and human ITO are composed of more than one component. One component appears to be a 4-aminopyridine (4-AP)-sensitive7"10'11 K' current with a time to peak under 20 msec and an inactivation time constant of approximately 40 msec at +20 mV.
In the mammalian cardiovascular system, K' channels display a variety of phenotypes including both transient and delayed outward currents.1,2 Rat and human cardiac myocytes exhibit a prominent transient outward current (ITo) , which causes a rapid early repolarization of the action potential (phase 1) and can, in part, determine the membrane potential of the action potential plateau. [3] [4] [5] [6] [7] [8] [9] This, in turn, can modify other ionic currents and has profound effects on action potential duration.7'9-11 Both rat and human ITO are composed of more than one component. One component appears to be a 4-aminopyridine (4-AP)-sensitive7"10'11 K' current with a time to peak under 20 msec and an inactivation time constant of approximately 40 msec at +20 mV. tissues has revealed that Kv1.2, KvL.4, and Kvl.5 are expressed in the atrium and ventricle.18-20 Thus, the possibility exists for the formation of heterotetrameric K' channels from each of these distinct gene products in vivo. The properties of A-type transient K' channels from rat brain are known to depend on the presence of more than one species of mRNA. 27 Heterotetrameric channels have been suggested as a means of generating diversity in the mammalian nervous system.28 These channels could arise if multiple genes coding for K' channel subunits are expressed in the same cell, and the formation of heterotetrameric channels has been demonstrated. [29] [30] [31] [32] The purpose of this study was to investigate the properties of heteromultimeric K' channels by using four channels cloned from the mammalian cardiovascular system. We wish to determine whether the slow recovery from inactivation in human Kvl.4 channels is modified by channel subunit composition.
Materials and Methods
Oocytes were obtained from frogs purchased from Xenopus 1, Ann Arbor, Mich. Defolliculated oocytes were prepared for RNA injection and electrical recording by exposure to collagenase (1 mg/ml, type II, Wor- thington Biochemical Corp., Freehold, N.J.) for 1-2 hours. Oocytes were removed as they dissociated from the epithelial/follicular cell matrix. They were kept at a room temperature of 20-22°C for 3-24 hours before cytoplasmic injection of cRNA. After injection of 20-50 nl (10-40 ng) of 5' capped cRNA, the oocytes were kept for 2-6 days at room temperature, during which time they were tested for expression of K' current by twoelectrode voltage clamp. Voltage-clamp methods consisted of a standard two-microelectrode arrangement33-35 and were identical to those described previously. 23 In vitro cRNA was prepared as described previously. 23 In vitro transcribed Kvl.2 and Kvl.4 cRNAs were mixed by vortexing immediately before coinjection. The ratio of cRNAs for different channels in a mixture was adjusted, depending on the concentration of RNA, to give approximately equal expression of each channel type. Approximately 40 nl total volume (2-40 ng RNA) of cRNA was injected into each oocyte. After injection, oocytes were placed in ND-96 solution at 20-22°C until use. In each batch of oocytes injected with channel cRNA, control oocytes were injected with RNase-free water and subsequently voltage-clamped to ensure that there were no endogenous ionic currents. If a significant endogenous current was seen, then all the oocytes in the batch were discarded.
Solutions
The bath solution (ND-96) contained (mM) NaCl 96, KCl 2, CaCI2 1.8, MgCl2 1, and HEPES 5. pH was adjusted to 7.50 at 22°C with NaOH.
Pulse Protocols
The holding potential was -120 mV for cells expressing Kvl.4 or KvL.4: Kvl.x channels and -80 mV for cells expressing delayed rectifier channels (Kvl.1, Kv1.2, and Kvl.5), unless otherwise indicated. Between -120 and -80 mV, only linear leak current was observed, and linear least-squares fits to these data were used for passive leak correction. All measurements were made with custom analysis programs designed to read and analyze PCLAmp data files. The voltage dependence of channel availability ("inactivation curves") was measured with a two-pulse protocol. The membrane potential was clamped to a level between -110 and 0 mV in 10-mV steps. Channel availability for opening was assessed by a subsequent test pulse to +30 mV. Peak current during the test pulse was plotted as a function of the prepulse clamp potential. Recovery from inactivation was assessed by first inducing inactivation with a 500-msec prepulse to 0 mV. The degree of recovery at different times after the prepulse was determined by a test pulse to +30 mV. A plot of the peak current during the test pulse as a function of the time duration after the prepulse gave the time course of recovery from inactivation.
Data Analysis
Activation and inactivation curves were fitted with a h. and ho are the steady state and initial state occupancy of the inactivation particle binding site, respectively. The association rate constant (k) was increased by a factor between 0 and 4, depending on the number of H subunits (0-4) in the channel tetramer (see "Appendix"). Thus, a homotetrameric channel with four identical H subunits had an association rate constant of 4k; a heterotetrameric channel with one H subunit had an association rate constant of k. The dissociation rate constant 1 was also dependent of the channel stoichiometry. A homotetrameric channel with four identical H subunits had the highest affinity for the inactivation particle with a dissociation rate constant of 11. As H subunits were replaced in heterotetrameric channels by R subunits, the dissociation rate constant increased with each R subunit such that each additional R subunit progressively destabilized the binding site for the inactivating N terminus. A homotetrameric channel with four R-type subunits had the lowest affinity for the inactivation peptide (12) 
These rate constants approximated the onset and recovery time constants observed (see Table 1 and Figure 8 ).
The time course of the current derived from heterotetrameric channels is a sum of the currents through five populations of channels made by the five possible subunit combinations, weighted by the binomial coefficients derived from the relative frequency of the subunits (see "Discussion"). The cRNA. In this case, much less use-dependent inactivation occurs during the pulse trains.
If heterotetramer formation is the molecular basis of native channels, the heterotetrameric channels should have pharmacological profiles consistent with that of native channels. The cardiac ITO is highly sensitive to 4-AP and is relatively insensitive to externally applied tetraethylammonium (TEA). Therefore, we investigated the sensitivity of the multimeric channels to these compounds. Among the homotetrameric-expressed channels, only Kvl.1 is sensitive to external TEA, with an IC50 of 0.5 mM.21 Figure 4 shows the effects of external TEA on Kvl.4 and Kvl.1. TEA has been used extensively to demonstrate the formation of heterotetrameric channels. Previous studies have combined TEA-sensitive and TEA-insensitive subunits to produce hybrid channels with unique TEA sensitivity. Our results show that the cardiovascular isoforms of these channels behave in the expected manner. Kvl.1 is inhibited 67% by 1 mM TEA (IC50, 0.5 mM), whereas human Kvl.4 is not blocked by 30 mM TEA. However, channels formed during coexpression inactivate like Kvl.4 and are more sensitive to TEA than homotetrameric Kv1.4, but they are less sensitive than Kvl.1 (see Figure 4 ). Although this is the first such demonstration using Kv1.4, these data are consistent with previous studies using other members of the Shaker subfamily channels. They demonstrate that the new channels acquire both inactivation and TEA sensitivity.
However, since native ITO is relatively TEA insensitive, the data suggest that Kv1. 4 The K' current observed after coinjection of Kvl.2 and Kvl.4 cRNA inactivates rapidly (Figures 2, 4 , and 7A). This behavior more closely resembles Kvl.4 than Kvl.2 channels (see Figure 2 ). If this current were the result of the dominant expression of homotetrameric Kvl.4 over Kvl.2 channels, then we would expect a slow Kvl.4-like recovery (r=3 seconds) from inactivation. The recovery from inactivation is shown in Figure  7B for three different oocytes: one expressing Kvl.2 cRNA, one expressing Kvl.4 cRNA, and one oocyte that was injected with a mixture of Kvl.2 and Kvl.4.
The averaged recovery parameters for these three conditions are summarized in Table 1 , which gives the amplitudes and time constants of the dominant component that recovers from inactivation. On average, only 19% of the current was inactivated by a 2-second prepulse in the Kvl.2-expressing oocytes, and this recovered with a time constant of -0.5 seconds; a 0.5 -second prepulse induced very little inactivation. In contrast, all of the current was inactivated by the 0.5-second prepulse in Kvl.4-expressing oocytes, and recovery was slow (Xr=3.2 seconds; see Table 1 ). In the oocytes injected with Kvl.2+Kvl.4 cRNA, the current was almost fully inactivated (95%), similar to Kv1.4-expressing cells, but recovered much faster from inactivation (r=0.7 seconds), indicating that the channels that inactivated were not homotetrameric Kvl.4 channels. This pattern of near complete inactivation during a 500-msec prepulse and the enhanced rate of recovery (compared with homotetrameric Kvl.4) was also observed by coinjecting Kvl.4 with Kvl.1 or Kvl.5 (Table 1) . Figure 8 shows results from simulations with homotetrameric or heterotetrameric channels. In panels A and B, equal expression (1:1) of two sets of homotetrameric channels was assumed. In this case, during a voltage-clamp step to +50 mV, the observed current is the sum of the current through the two sets of independent channels. The current after coexpression is shown as the solid line. There is a large fraction of current that does not inactivate. In the recovery ( 0.001 0.01 0.1 1 14-API mM lations of channels (see "Discussion') that range from pure Kvl.2 (6.25%) to pure Kvl.4 (6.25%). The remainder of the channels contain one (25%), two (37.5%), or three (25%) Kvl.4 subunits and are thus heterotetramers. In this case, the current during the pulse largely inactivates but does so somewhat slower than the homotetrameric Kv1.4, as is observed experimentally (see Figure 2 ). The recovery from near complete inactivation (panel F) now occurs much faster than Kv1.4; this also simulates the experimental observation. 
Comparison of Expressed K' Current to ITO in Native Cardiac Cells
The expressed cloned K' channel known as Kvl.4 has many functional characteristics similar to a component of the cardiac ionic current referred to as ITO. This A-type current has been observed in a number of different species and cardiac tissues, including rabbit and human atrium, canine and rat ventricle, and rabbit crista terminalis. Analysis of expression of K' channel RNA in various tissues revealed that human Kvl.4 was approximately equally abundant in the atrium and ventricle. 19 The macroscopic activation and inactivation of these channels was time and voltage dependent, and the channels were blocked by low concentrations of 4-AP 23 The recovery of channels from inactivation was time dependent, and the rate of recovery increased when the membrane potential was held at increasingly negative values. Because of the time required for the channels to recover from inactivation, it was possible to induce significant reductions in the current if a voltage-clamp pulse train was applied too rapidly.
Shibata et al7 have successfully recorded action potentials and ITO in human atrial cells. Block of ITO by 4-AP (0.5 mM) had dramatic effects on the action potential, not only on phase 1 but also on duration. 7 Shibata et al also observed use-dependent changes in ITO amplitude at different train rates (from 0.2 to 3.57 Hz), suggesting that this current plays a significant role in the modulation of action potential shape and duration by changes in heart rate. However, the rate of recovery from inactivation in the human atrial cell (X=141 and 54 msec at -60 or -80 mV, respectively) was faster than we and others16,2' have observed in the cloned human or rat channels. Thus, it is possible and perhaps likely that still other unidentified factors may modify or regulate the channel kinetics.
Comparison With Other Cloned K' Channels
The deduced primary amino acid sequence of human Kvl.4 channels is similar but not identical to a channel cloned from rat brain21 (RCK4). Human cardiac Kvl.4 is more similar but still not identical to the rat cardiac channel described by Tseng-Crank et al,16 which they originally referred to as RHK1. The human channel is 97% homologous to the rat heart channel, with 18 amino acid differences. Both the rat and human channels belong to the Shaker family of K' channel genes. All of these channels are highly conserved in the putative pore domain, which is made up of the amino acids linking S5 and S6. Hoshi et a136 have shown that the N-terminal 20 amino acids are involved in Shaker K' channel inactivation. They proposed that this region acts as a blocker of the open K' channel pore similar to the "ball-and-chain" model originally proposed by Armstrong.38 Recent evidence in Shaker K' channels has also implicated the domain linking putative transmembrane segments S4 and S5 as being part of the internal mouth of the pore and the receptive site for the N-terminal ball peptide.39 Thus, in a tetrameric Kvl.4 K' channel, each peptide subunit would contribute one N-terminal ball peptide and one S4-S5 domain for a total of four each.
A. Recovery Time (sec) FIGURE 7. has provided evidence that the channel subunit stoichiometry is four.
Kvl.1, Kv1.2, and Kvl.5 are delayed rectifier-type channels that lack the amino terminal domain that is believed to be involved in fast inactivation.36 Kv1.4, which rapidly inactivates, does have the extra amino acids in the amino terminal domain, and fast inactivation is removed if this region is deleted or if cysteine 13 becomes oxidized.40 These channels are all highly homologous and are vertebrate members of the Drosophila Shaker subfamily of potassium channel genes. Kvl.2 and Kvl.4 differ by two amino acids in the putative receptor site for the inactivation amino terminus (S4-S5 interdomain).39 Hybrid channels will differ from homotetrameric channels in the number of inactivating amino termini per channel and in the composition of the putative binding domain for the inactivation peptide.
One possible model is that the amino acids linking putative transmembrane domains S4 and S5 form one fourth of the receptor site for the N-terminal inactivation peptide.39 In this case, when the four subunits assemble into a channel, the inner mouth of the pore and the peptide receptive site are created by the apposition of the four S4-S5 domains.41 This is similar to the hypothesis for the external TEA receptor, where each subunit contributes to the TEA-receptive site.42 If this model holds for the N-terminal inactivation of Kvl.4 channels, then in a heterotetrameric channel made from Kvl.2 and Kvl.4 peptide subunits, the affinity of receptive site for the N-terminal peptide may depend on the number of Kvl.4 subunits in the channel. This is the model we have used to simulate our data (see "Materials and Methods" and Figure 8 ). Figure 9 depicts such heterotetrameric channels. Each additional Kvl.4 subunit contributes an inactivating amino terminus (ball and chain). A pure homotetrameric Kvl.4 channel (squares in Figure 9 ) has four such inactivating particles, and the association rate constant is four times greater than a channel with only one Kvl.4 subunit. Likewise, the binding site for the inactivation peptide (i.e., the inner mouth of the pore consisting of the S4-S5 domain39) is progressively altered by addition of Kvl.2 subunits (circles in Figure 9 ). Each additional Kvl.2 subunit increases the inactivation peptide dissociation rate constant by altering the binding site. Kvl. 
Appendix
We assume N-type inactivation with a ball-and-chain model for Kv1.4, which is consistent with the elongated amino terminus of this channel relative to Kvl.1, Kv1.2, or Kvl.5. For subunit i, let ki represent the binding rate of a single inactivation particle (ball) and li represent the unbinding rate. Let i= 1 for the inactivating subunits (Kvl.4) and i=2 for the subunits of the delayed rectifier channel (Kvl.2). In the case of a single subunit, the inactivation rate is A=ki+li (1A) If one subunit is sufficient for induction of inactivation and if only one inactivation particle binds at a time, then the overall inactivation rate for a homomultimeric channel becomes A=n xki+l4 (2A) where n is the number of subunits forming the channel (n =4 in the case of Kvl.4 homotetrameric channels). At 
For a heterotetrameric channel, the number of inactivation particles is equal to the number of inactivating subunits that are present in the channel. We assume that each inactivation particle has equal access to the binding site (k1=k2). Therefore, the overall rate of inactivation for a heterotetrameric channel is given by Equation 3A . We assume that the receptor for the inactivation particle consists of the inner mouth of the pore (S4-S5)39 and that each subunit contributes to the binding site. 
